In order to study the effects of geometrical parameters on wrinkling of 0Cr21Ni6Mn9N stainless steel tube in numerical control (NC) bending process, a three dimensional elastic plastic finite element model of the 0Cr21Ni6Mn9N stainless steel tube in NC bending was established based on ABAQUS/Explicit code, and its reliability was validated by experiment. Then, simulation and analysis of the effect rules of the bending angle, relative bending radius and relative tube diameter on wrinkling wave ratio were carried out. The results show that the wrinkling wave ratio increases with the increasing of the bending angle, and the amplitude of the increase slows down. The wrinkling wave ratio decreases with the increasing of the relative bending radius or decreasing of the relative tube diameter. The research results provide beneficial knowledge on bending behaviors of 0Cr21Ni6Mn9N stainless steel tube under different geometrical parameters and help efficient design and optimization of the forming parameters.
Introduction
Due to high strength, corrosion resistance and oxidation resistance, the 0Cr21Ni6Mn9N stainless steel bent tube currently has attracted increasing applications in hydraulic, fuel systems for advanced aircraft and spacecraft as bleeding components [1] . Among various bending methods such as push bending, compress bending, stretch bending and roll bending, the numerical control (NC) bending is the most universal approach to achieve the qualified bent tubes due to high precision, high efficiency and digital advantages [2] . However, under multi-die constrains, the tube NC bending is a complex physical process with multiple influential factors and defects. As one of the most important forming defects in tube NC bending, the wrinkling has a significant influence on forming quality and precision and life of dies. Many different diameters, bending radii and angles of tubes have been used in various fields for different purposes. The wrinkling tendency changes with different specifications of tubes. Thus, it is useful to research the characteristics of wrinkling with the change of the geometrical parameters.
In recent years, great efforts have been conducted on the wrinkling of different kinds of tubular materials on bending processing using analytical, experimental or finite element (FE) simulation methods. Zhao et al. [3] proposed a wrinkling wave function and developed wrinkling prediction model in rotary draw bending of aluminum alloy thin-walled rectangular tube using plastic deformation theory combined with energy method, and the effects of materials parameters on wrinkling limit were studied. Peek [4] predicted the wrinkling in pure bending of aluminum alloy International Conference on Mechatronics Engineering and Information Technology (ICMEIT 2016) tube by finite strain three dimensional continuum theory. Corona et al. [5] experimentally investigated the effect of yield anisotropy on buckling of circular tube in bending process. By FE analysis, Chen et al. [6] studied the effect of processing parameters on wrinkling of thin-walled circular tube under rotary draw bending. Fang et al. [7] numerically researched the effects of friction between tube and die on wrinkling instability of the 0Cr21Ni6Mn9N stainless steel tube in NC bending. Li et al. [8] addressed the wrinkling characteristics and the effect of processing parameters on wrinkling of thin-walled tube NC bending combining the energy-based wrinkling prediction and FE simulation. The above publications mainly focused on the effects of the processing parameters or materials parameters on wrinkling in tube bending process. However, the study on wrinkling instability of the 0Cr21Ni6Mn9N stainless steel tube under different geometrical parameters in NC bending has not been reported. Therefore, Taking the 0Cr21Ni6Mn9N stainless steel tube of 15.88 ×0.84 mm(diameter×wall thickness)as the objective, a three dimensional (3D) elastic plastic FE model of tube NC bending is established based on ABAQUS/Explicit code, and then the effect rules of geometrical parameters on wrinkling instability of the 0Cr21Ni6Mn9N stainless steel tube during NC bending are studied by FE simulation.
Description of wrinkling wave ratio
The wrinkling instability can be qualitatively described by the wrinkling wave ratio η as Eq. (1), the larger the η, the more serious the wrinkling tendency.
Where D1, D2 is the maximum or minimum section length between the wave crest of the intrados and extrados of tube, respectively, D is the initial tube outer diameter, as shown in Fig.1 .
FE model of tube NC bending and experimental validation
According to the actual deformation of tube NC bending, a three dimensional (3D) elastic plastic FE model of the 0Cr21Ni6Mn9N stainless steel tube in NC bending is established based on ABAQUS/Explicit code, as shown in Fig.2 . The detailed solutions involved in FE modeling can be found in literature [9] , and the forming parameters of the 0Cr21Ni6Mn9N stainless steel tube NC bending in the paper are the same as literature [9] . Fig.3 shows the comparison between experimental and simulative results of the wall thinning degree. It is found that the simulative results have a good agreement with the experimental ones, and the relative error between experiment and simulation results is less than 4%. Thus, the FE model is reliable and can be used to explore the wrinkling characteristics in tube NC bending with the geometrical parameters change. 
Effect of geometrical parameters on winkling in tube NC bending
The geometrical parameters mainly includes bending angle θ, relative bending radius R/D and relative tube diameter D/t (R, t denotes bending radius, wall thickness, respectively), which determine the deformation degree of bent tube. Thus, the effect rules of θ, R/D and D/t on wrinkling in the 0Cr21Ni6Mn9N stainless steel tube NC bending are studied. 4.1 Effect of bending angle on wrinkling. Fig.4(a) shows the effect of bending angle on wrinkling wave ratio of the 0Cr21Ni6Mn9N stainless steel tube in NC bending. It is found that the wrinkling wave ratio increases with the increasing of the bending angle, and the variation tendency slows down. This is because that the larger the bending angle, the more difficult the deformation. Thus, the wrinkling tendency increases with the increasing of the bending angle.
Effect of relative bending radius on wrinkling.
Retain D=15.88 mm unchanged, change R, and select R/D ={2.0, 2.5, 3.0, 4.0, 5.0}. Fig.4 (b) shows the effect of relative bending radius on wrinkling wave ratio of the 0Cr21Ni6Mn9N stainless steel tube in NC bending. It is can be see that the wrinkling wave ratio decreases with the increasing of the relative bending radius. It is because that with the decreasing of the relative bending radius, the deformation degree of the bent tube and the tangential compression stress of the intrados increase, which lead to the wall thickness of the intrados of bent tube increase. Thus, the wrinkling tendency increases with the decreasing of the relative bending radius.
Effect of relative tube diameter on wrinkling.
Retain t =0.84 mm unchanged, change D, and select D/t ={16.0, 18.9, 22.0, 25.0}. Fig.4(c) shows the effect of relative tube diameter on wrinkling wave ratio of the 0Cr21Ni6Mn9N stainless steel tube in NC bending. As can be seen from that the wrinkling wave ratio increases with the increasing of the relative tube diameter. This is because that the wall thickness and tangential compression stress of the intrados increase with the increasing of the relative tube diameter as shown in Fig.5 , which cause the wrinkling tendency to increase. 
Conclusion
(1) A 3D elastic plastic FE model of the 0Cr21Ni6Mn9N stainless steel tube in NC bending is established based on ABAQUS/Explicit code, and its reliability is validated by experiment.
(2) The wrinkling wave ratio increases with the increasing of the bending angle, and the variation tendency slows down.
(3) The wrinkling wave ratio increases with the increasing of the relative tube diameter or decreasing of the relative bending radius.
